Sensitivity of peatland litter decomposition to changes in

























































climate,	 a	 clear	 understanding	 of	 climate-peat	 dynamics	 is	 required.	 There	 is	 concern	 that	27 
increased	temperature	and	decreased	precipitation	could	increase	the	rate	of	decomposition	28 
and	put	the	carbon	sink	status	of	many	peatlands	at	risk,	yet	few	studies	have	examined	the	29 
impact	 of	 both	 climatic	 factors	 together.	 To	 better	 understand	 the	 sensitivity	 of	 peatland	30 
decomposition	 to	 changes	 in	 both	 temperature	 and	precipitation	 and	 their	 interaction,	we	31 
conducted	 a	 short-term	 laboratory	 experiment	 in	 which	 plant	 litters	 and	 peat	 soil	 were	32 
incubated,	 in	 isolation,	 in	 a	 factorial	 design.	 Treatments	 simulated	 baseline	 and	 projected	33 
climate	averages	derived	from	the	latest	UK	climate	change	projections	(UKCP09)	for	Exmoor,	34 
a	 climatically	marginal	 peatland	 in	 SW	England.	 Regular	 carbon	dioxide	 flux	measurements	35 
were	made	throughout	the	simulation,	as	well	as	total	mass	loss	and	total	dissolved	organic	36 
carbon	 (DOC)	 leached.	The	 largest	effect	on	carbon	 loss	 in	 this	multifactor	experiment	was	37 
from	 substrate,	 with	 Sphagnum/peat	 releasing	 significantly	 less	 C	 in	 total	 during	 the	38 
experiment	than	dwarf	shrubs/graminoids.	Climate	effects	were	substrate	specific,	with	the	39 












Northern	 peatlands	 are	 an	 important	 carbon	 store,	 holding	 around	 one	 third	 of	 the	50 
global	soil	carbon	stock	(Gorham,	1991).	For	peatlands	to	accumulate	organic	matter,	and	thus	51 
sequester	carbon	from	the	atmosphere,	the	overall	loss	of	carbon	from	the	system	through	52 
the	combined	decomposition	of	plant	 litter	and	peat	must	be	 lower	 than	C	 input	via	 litter	53 
production	 and	 vascular	 plant	 root	 exudation	 (Frolking	 et	 al.,	 2010;	 Limpens	 et	 al.,	 2008).	54 
Decomposition	 is	 the	 breakdown	of	 organic	matter.	 It	 can	 be	 due	 to	 one	 or	 a	 number	 of	55 
physical,	 chemical	 or	 biological	 processes.	 Carbon	 dioxide	 (CO2),	 dissolved	 organic	 carbon	56 
(DOC),	nutrients	and	stable	hummus	are	among	the	principal	final	products	of	decomposition	57 
(Bragazza	 et	 al.,	 2009).	 Carbon	 is	 primarily	 lost	 as	 CO2	 in	 peatlands	 (Billett	 et	 al.,	 2010).	58 
However,	 additional	 losses	 in	 the	 form	 of	 methane	 (CH4),	 produced	 during	 anaerobic	59 
decomposition,	and	DOC	to	aquatic	systems	can	be	an	important	component	of	the	peatland	60 
carbon	 balance	 in	 some	 areas	 (Köehler	 et	 al.,	 2011).	 The	 speed	 and	 final	 product	 of	 the	61 



















work	has	 so	 far	been	 conducted	on	 the	 total	 flux	of	 carbon	and	 the	partitioning	between	79 
gaseous	 and	 fluvial	 losses	 from	 different	 peatland	 plant	 species.	 This	 partitioning	 is	 an	80 
important	 parameter	 to	 include	 in	 carbon	 cycle	 models,	 particularly	 for	 climate	 change	81 
modelling	as	there	is	likely	to	be	a	lag	between	DOC	release	from	the	soil	and	its	incorporation	82 
into	the	atmospheric	pool,	as	 in-stream	processing	can	 lead	to	the	temporary	storage	of	C	83 
within	 the	 aquatic	 system	 (Hope	 et	 al.,	 1994).	 An	 understanding	 of	 partitioning	 of	 carbon	84 
losses	 between	 aquatic	 and	 gaseous	 fractions	 from	 different	 vegetation	 sources	 is	 also	85 
important	 for	predicting	whether	catchment	management	programmes	aimed	at	 restoring	86 
certain	species	have	the	desired	holistic	effects	of	improving	drinking	water	quality	(including	87 
enhanced	C	sequestration)	and	do	not	result	in	environmental	problem-shifting.	88 
Decomposition	 of	 litters	 in	 the	 field	 is	 traditionally	 measured	 using	 the	 litter	 bag	89 
technique	(Bragazza	et	al.,	2009;	Wieder	and	Lang,	1982).	Litter	of	a	known	mass	is	enclosed	90 
in	mesh	bags	with	openings	 large	enough	 for	decomposers	 to	access	 the	 food	source,	but	91 
small	enough	to	prevent	the	physical	loss	of	litters.	Samples	are	incubated	in	the	field,	either	92 
on,	 or	 just	 below	 the	 soil	 surface	 (Johnson	 and	 Damman,	 1991;	Moore	 et	 al.,	 2007)	 and	93 
decomposition	 rate	 is	 quantified	 via	mass	 loss	 or	 changing	nutrient	 quotients	 of	 the	 litter	94 




elevated	 nutrient	 additions	 (Bubier	 et	 al.,	 2007),	 water-table	 drawdown	 (Straková	 et	 al.,	97 
2012),	 litter	 quality	 (Limpens	 and	 Berendse,	 2003)	 and	 temperature	 (Moore	 et	 al.,	 2007).	98 
However,	these	field-based	studies	are	limited	to	a	single	measure	of	decomposition;	mass	99 
loss.	 Mass	 loss	 gives	 a	 valuable	 measure	 of	 net	 decomposition,	 which	 can	 be	 useful	 for	100 
comparing	 between	 litters,	 but	 does	 not	 provide	 information	 on	 the	 final	 product	 of	 the	101 
decomposition	process.	Carbon	dioxide	and	DOC	not	only	represent	different	flux	pathways	102 
(gaseous	 versus	 aquatic),	 but	 can	 also	 be	 indicative	 of	 different	 processes	 and	 stages	 of	103 
decomposition.	CO2	is	in	effect	representative	of	fully	utilised	carbon,	whereas	DOC	could	be	104 
stored	 in	 the	 peat	 column	 or	 utilised	 by	 microbes	 and	 exported	 to	 the	 atmosphere	 via	105 
respiration	(Pastor	et	al.,	2003;	Turetsky,	2003).		106 
Laboratory	 incubations	 of	 peatland	 litters	 to	 examine	 the	 relationship	 between	107 
decomposition	and	climate	have	been	limited	to	date.	Studies	that	have	been	conducted	have	108 
tended	to	concentrate	on	a	single	measure	of	decomposition,	have	focussed	solely	on	peat	109 
rather	 than	 vegetation,	 or	 have	 just	 looked	 at	 one	 environmental	 variable,	 such	 as	110 
temperature	(e.g.	Neff	and	Hooper	2002;	Moore	et	al.	2008)	or	water	table	(e.g.	Freeman	et	111 
al.	1993),	in	isolation.	The	effect	of	interactions	between	changes	in	temperature	and	rainfall	112 




be	difficult	 in	 the	 field	as	 these	 factors	naturally	co-vary.	 It	 is	also	difficult	 to	separate	 the	117 
effects	on	different	litters	and	measure	the	relative	decomposition	from	different	sources	in	118 
the	 field	or	 in	 intact	mesocosms.	To	address	 this,	previous	 studies	have	 incubated	soils	or	119 
		 	 	
 6	
litters	 from	wetland	 sites	 in	 isolation,	 notably	Moore	 and	 Dalva	 (2001),	 Neff	 and	 Hooper	120 
(2002)	and	Wickland	et	al.	(2007).	This	was	the	approach	taken	here.	121 
A	better	 understanding	of	 the	 sensitivity	 of	 different	peatland	 litters	 to	 changes	 in	122 





caerulea,	Sphagnum	moss,	 and	mixed	 litter)	 compared	 to	peat;	 (2)	 determine	 the	 relative	128 
importance	 (or	 partitioning)	 of	 gaseous	 (i.e.	 CO2)	 versus	 aquatic	 (DOC)	 fluxes	 during	129 
decomposition	 with	 respect	 to	 plant	 species	 and	 peat;	 (3)	 evaluate	 the	 importance	 of	130 
simulated	temperature	and	rainfall	changes	on	controlling	total	decomposition,	C	fluxes	and	131 
partitioning	between	CO2	and	DOC.	This	final	objective	links	to	another	study	(Ritson	et	al.,	132 





In	 the	 south-west	 UK,	 blanket	 peat	 covers	 large	 parts	 of	 the	 upland	 areas	 and	138 

















Samples	of	 vegetation	and	peat	were	 collected	 from	 two	catchments,	Aclands	 (51°	154 
07’54.2”	 N	 3°	 48’43.3”	W)	 and	 Spooners	 (51°	 07’23.3”	 N	 3°	 45’11.8”	W),	 within	 Exmoor	155 
National	Park,	UK,	during	July	2013.	A	further	description	of	these	field	sites,	including	maps,	156 




























Polypropylene	 Buchner	 funnels	 (Thermo	 Scientific,	 USA)	 were	 filled	 with	183 
approximately	2	g	dry-weight	of	air-dry	vegetation	or	10	g	homogenised	peat.	The	stem	of	the	184 
funnel	was	packed	with	acid	washed	glass	wool	to	ensure	no	loss	of	particulates,	and	each	185 
Buchner	 funnel	 was	 placed	 above	 an	 amber-glass	 bottle	 to	 collect	 leachate,	 for	 separate	186 
analysis	 (see	 Ritson	 et	 al.,	 2014).	 The	 climate	 control	 facilities	 comprise	 two	 versatile	187 










































were	 out	 of	 the	 incubators	 for	 a	 maximum	 of	 5	 minutes.	 The	 rate	 of	 change	 in	 CO2	226 









































nuclear	 magnetic	 resonance	 (NMR)	 analysis.	 Cross	 polarisation-magic	 angle	 spinning	 (CP-264 
MAS)	13C	NMR	analysis	was	undertaken	at	the	University	of	Reading	chemical	analysis	facility	265 


















three-way	 analysis	 of	 variance	 (ANOVA)	 design	where	 temperature,	 rainfall	 and	 substrate	282 
were	the	experimental	factors.	The	effect	of	these	factors,	and	their	interaction,	on	response	283 
variables	of	CO2	 flux,	mass	 loss,	DOC	 leached	and	CO2:DOC	 ratio	production	was	analysed	284 
(Table	2).	A	Fligner-Killeen	test	was	performed	to	determine	that	there	was	equal	variance	285 
between	groups,	and	residuals	were	checked	for	normality.	Carbon	dioxide	flux,	DOC	flux	and	286 
































CO2:DOC	 quotients	 ranged	 from	 31.56	 for	 Molinia	 to	 68.67	 for	 Sphagnum	 (all	 climate	317 
treatments	pooled),	indicating	that	proportionally	more	carbon	was	lost	as	DOC	from	Molinia	318 
than	 Sphagnum.	 Substrate	 was	 again	 the	 strongest	 factor	 explaining	 the	 variation	 in	319 
partitioning	 between	 gaseous	 and	 aquatic	 fluxes	 (P	 <	 0.001).	 There	 was	 a	 significant	320 







substrate	 (P	 <	 0.001),	with	 the	 proportion	of	 C	 lost	 as	 CO2	 generally	 increasing	 under	 the	326 
UKCP09	 (drier)	 rainfall	 scenario.	 Post-hoc	 tests	 revealed	 that	 drier	 conditions	 were	 only	327 
significant	in	changing	the	partitioning	between	gas	and	aquatic	carbon	fluxes	for	the	peat	(P	328 
<	0.001)	and	Sphagnum	(P	<	0.001)	samples,	the	mean	of	which	increased	from	24.91	(±5.74)	329 
to	78.64	 (±13.85)	and	 from	47.34	 (±2.41)	 to	101.78	 (±16.25)	when	comparing	the	baseline	330 











was	 only	 significant	 between	 temperature	 and	 Calluna,	 whereas	 for	 rainfall,	 there	 was	 a	342 
significant	 interaction	 between	 rainfall	 treatment	 and	 Calluna	 and	 rainfall	 treatment	 and	343 
Sphagnum.	This	interaction	between	rainfall	and	substrate	was	not	unidirectional,	however,	344 
with	 the	 drier	 rainfall	 treatment	 increasing	 DOC	 in	 Calluna	 samples,	 but	 decreasing	 it	 in	345 
Sphagnum.	 With	 mass	 loss,	 only	 Sphagnum	 was	 close	 to	 being	 significant	 on	 its	 own.	346 




















Here	 peat	 had	 the	 lowest	 C:N	 ratio,	 which	 could	 be	 due	 to	 retention	 of	 N	 containing	365 
compounds	 during	 the	 decomposition	 process	 (Kalbitz	 and	 Geyer,	 2002).	 Aromaticity	 is	366 
another	 potential	measure	 of	 decay	 resistance	 as	 aromatic	 polymers	 are	 characterised	 by	367 
structural	 and	 chemical	 recalcitrance.	 In	 this	 instance,	 peat	 had	 the	 highest	 estimated	368 








other	 peat	 forming	 vegetation	 (van	 Breemen,	 1995).	 This	 could	 have	 been	 a	 result	 of	375 
environmental	conditions,	specifically	water	content,	as	the	poor	water	holding	capacity	of	376 
Calluna	 litter	meant	 that	 lack	of	water	 supply	could	have	 limited	 its	decomposition	during	377 
laboratory	simulation	experiments	(Blok	et	al.,	2015;	Toberman	et	al.,	2008).		378 
The	 estimates	 of	 cumulative	 CO2	 flux	 were	 approximately	 double	 the	 amount	379 








The	 release	 of	 DOC	 during	 organic	 matter	 decomposition	 to	 surface	 waters	 is	 an	388 








accurate	due	 to	overestimation	of	measured	CO2	 fluxes,	but	 comparisons	between	groups	395 
should	still	be	robust.	396 
Previous	studies	have	reported	DOC	fluxes	equivalent	to	over	20%	of	net	ecosystem	397 
exchange	 (NEE)	 (e.g.	 Dinsmore	 et	 al.,	 2010;	 Koehler	 et	 al.,	 2011).	 In	 some	 instances,	DOC	398 
exported	to	streams	has	been	estimated	to	exceed	NEE	(Billett	et	al.,	2004),	highlighting	the	399 
importance	of	 including	 this	 flux	when	estimating	 source/sink	 status	of	a	peatland.	Strong	400 
correlations	 have	 been	 found	 between	 gross	 primary	 productivity	 (GPP)	 and	 DOC	401 
concentrations	 in	 peatland	 catchments	 (Dinsmore	 et	 al.,	 2013;	 Harrison	 et	 al.,	 2008),	402 
suggesting	 a	 large	 amount	 of	 DOC	 is	 produced	 directly	 by	 living	 plants,	 indirectly	 by	403 
rhizosphere	priming	or	by	the	decay	of	fresh	plant	litter.	The	difference	in	the	amount	of	DOC	404 
released	 from	the	peat	and	 litter	samples	 in	 this	study	during	decomposition	supports	 the	405 
theory	that	the	decay	of	fresh	litter	is	a	substantive	DOC	source	(Evans	et	al.,	2007;	Palmer	et	406 
al.,	 2001).	 In	 the	 field,	 a	 lot	will	 depend	 on	 the	 regulating	 effect	 of	water	 table	 depth	 on	407 
decomposition,	flow	pathways	of	runoff	(Wallage	and	Holden,	2011),	as	well	as	substrate.	408 
We	observed	a	lower	DOC	flux	but	no	significant	change	in	CO2	flux	under	the	UKCP09	409 
(warmer)	 temperature	 scenario.	 Combined	with	 the	 lower	DOC	 flux	 under	UKCP09	 (drier)	410 






that	 it	 is	 due	 more	 to	 the	 decreased	 flux	 of	 DOC	 than	 due	 to	 a	 reduction	 in	 total	417 





2006;	 Clark	 et	 al.,	 2012).	 DOC	 production	 could	 be	 affected	 by	 both	microbial	 enzymatic	421 
activity	and	physical	 leaching.	It	could	be	that	DOC	was	produced,	but	lack	of	water	supply	422 
limited	physical	 leaching	and	so	 it	was	subsequently	consumed	by	microbes	present	 in	the	423 
samples	 (Moore	and	Dalva,	2001).	 The	 findings	presented	here,	 that	CO2:DOC	partitioning	424 
from	Sphagnum	and	peat	could	be	affected	by	climate	change,	but	that	the	partitioning	from	425 
other	 substrates	was	 not	 affected,	will	 be	 of	 interest	 to	 those	modelling	 the	 response	 of	426 
peatland	 C	 balance	 as	 it	 indicates	 that	 DOC	 flux	 cannot	 be	 estimated	 from	 ecosystem	427 
respiration	alone.	It	is	also	useful	information	for	water	treatment	engineers	who	are	trying	428 
to	plan	future	climate-proof	investments	in	treatment	works,	as	these	results	imply	that	DOC	429 




















Whilst	measured	mass	 loss	did	 increase	positively	with	temperature,	measured	CO2	448 
fluxes	did	not.	 Investigations	at	 lower	 temperatures	 than	 those	used	here	have	 suggested	449 
Sphagnum	becomes	more	productive,	growing	faster,	with	increases	in	temperature	from	a	450 
low	base	(Breeuwer	et	al.,	2008),	but	that	the	opposite	can	occur	for	warmer	temperatures	451 










here.	Decreased	DOC	during	droughts	 could	be	due	 to	a	 suppression	of	DOC	 transport	by	462 















vegetation	 and/or	 underlying	 water	 table,	 and	 the	 lack	 of	 a	 peat	 substrate	 beneath	 the	476 














While	 there	 are	 differences	 in	 both	 magnitude	 and	 direction	 of	 change	 between	 the	489 
substrates,	the	data	here	suggest	that	warmer	summer	temperatures	and	decreased	rainfall	490 














production,	 alongside	 any	 increase	 in	 decomposition	 rates.	 Studies	 have	 already	 provided	505 
evidence	 that	 warmer	 temperatures	 can	 increase	 rates	 of	 carbon	 sequestration	 at	 some	506 
northern	 latitude	peatlands,	due	 in	part	 to	 longer	and	warmer	growing	seasons	enhancing	507 


















and	total	mass	 loss	was	seen	between	substrates,	with	smaller	 fluxes	 (cumulative	CO2	and	524 
DOC)	and	mass	lost	from	Sphagnum/peat	compared	to	higher	fluxes	and	mass	loss	from	dwarf	525 
shrub/graminoids.	 The	 CO2:DOC	 ratio	 was	 lowest	 for	Molinia	 and	 highest	 for	 Sphagnum.	526 
Climate	 factors	were	 important	 too,	but	 the	effect	depended	 largely	on	 the	substrate.	For	527 
example,	while	the	future	(drier)	rainfall	scenario	increased	the	DOC	flux	from	Calluna,	it	had	528 
the	 opposite	 effect	 for	 Sphagnum.	 Therefore,	 indirect	 effects	 on	 species	 composition	 in	529 
peatlands	could	ultimately	turn	out	to	be	more	important	than	direct	effects	of	climate	change	530 
from	increased	temperatures	and	decreased	rainfall.	531 
Upscaling	of	 this	work	 from	 laboratory	 to	 field	 is	needed	 in	order	 to	confirm	these	532 
laboratory-based	findings	and	improve	understanding	of	the	likely	impacts	of	climate	change	533 
on	C	fluxes	and	decomposition	in	peatlands.	Further	work	across	natural	climatic	gradients	is	534 
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Calluna	 Calluna	vulgaris	 49.3	(0.02)	 1.35	(0.01)	 36.4	(0.22)	 1.90	(0.01)	 8	
Mixed	litter	 Senesced	Molinia	c	 45.9	(0.01)	 1.29	(0.01)	 35.6	(0.28)	 5.38	(0.11)	 5	
Molinia	 Molinia	caerulea	 45.5	(0.02)	 2.34	(0.02)	 19.5	(0.13)	 3.56	(0.05)	 5	
Peat	 Peat	 29.1	(0.02)	 1.64	(0.01)	 17.7	(0.07)	 6.06	(0.06)	 11	















Substrate	 (Cumulative	 CO2,	 DOC	 and	 CO2:DOC	 ratio	 are	 square-root	 transformed	 data).		818 
Significant	differences	 (P	 <	0.05)	are	highlighted	 in	bold	and	effect	 sizes	 (ω2)	are	 stated	 in	819 
brackets.	 “Temp”,	 “Rain”	 and	 “Sub”	 are	 short	 for	 Temperature,	 Rainfall	 and	 Substrate,	820 
respectively).		821 
Variable	 Factor	 F	 df	 P	value	
Cumulative	CO2	 Temperature	 1.04	 1	 0.311	
(mgCO2-C	gC–1)	 Rainfall	 3.25	 1	 0.075	
	 Substrate	 631.08	 4	 <	0.001	(0.960)	
	 Temp:Rain	 0.06	 1	 0.804	
	 Temp:Sub	 1.27	 4	 0.288	
	 Rain:Sub	 1.68	 4	 0.164	
	 Temp:Rain:Sub	 1.27	 4	 0.290	
	 	 	 	 	
Mass	loss	 Temperature	 20.10	 1	 <	0.001	(0.005)	
(mgCO2-C	gC–1)	 Rainfall	 0.01	 1	 0.927	
	 Substrate	 946.23	 4	 <	0.001	(0.966)	
	 Temp:Rain	 0.01	 1	 0.915	
	 Temp:Sub	 3.80	 4	 0.007	(0.003)	
	 Rain:Sub	 2.72	 4	 0.035	(0.002)	
	 Temp:Rain:Sub	 0.56	 4	 0.690	
	 	 	 	 	
DOC	 Temperature	 18.19	 1	 <	0.001	(0.015)	
(mgCO2-C	gC–1)	 Rainfall	 3.38	 1	 0.070	
	 Substrate	 247.14	 4	 <	0.001	(0.838)	
	 Temp:Rain	 0.04	 1	 0.837	
	 Temp:Sub	 5.12	 4	 0.001	(0.014)	
	 Rain:Sub	 11.34	 4	 <	0.001	(0.035)	
	 Temp:Rain:Sub	 4.43	 4	 0.003	(0.012)	
	 	 	 	 	
CO2-C:DOC-C	 Temperature	 15.57	 1	 <	0.001	(0.056)	
	 Rainfall	 26.16	 1	 <	0.001	(0.097)	
	 Substrate	 19.96	 4	 <	0.001	(0.292)	
	 Temp:Rain	 0.01	 1	 0.921	
	 Temp:Sub	 3.27	 4	 0.015	(0.035)	
	 Rain:Sub	 8.71	 4	 <	0.001	(0.119)	
	 Temp:Rain:Sub	 2.24	 4	 0.072	
	822 
	823 
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Figure	1.	Treatment	effects	on	measures	of	carbon	fluxes,	and	their	ratio;	(a)	Cumulative	CO2	824 
flux,	(b)	DOC	flux,	(c)	Cumulative	CO2	to	DOC	ratio	(Error	bars	indicate	one	standard	error).	825 
Different	letters	denote	statistically	significant	differences	in	means	between	substrates	and	826 
asterisks	denote	significant	differences	between	treatments	for	substrates	based	on	Tukey	827 
HSD	test	(P	<	0.05).	828 
	829 
Figure	2.	Treatment	effects	on	C	loss	estimated	from	mass	and	C	quotient	measurements	830 
(Error	bars	indicate	one	standard	error).	Different	letters	denote	statistically	significant	831 
differences	in	means	between	substrates	and	asterisks	denote	significant	differences	832 
between	treatments	for	substrates	based	on	Tukey	HSD	test	(P	<	0.05).	833 
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